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Details of the investigations on the application of Electro Mechanical Impedance (EMI)
technique using smart piezoelectric (PZT) sensors for damage detection of structures are
presented in this paper. The behavior and the ability of this method to detect damages,
in a homogenous material are studied for its effective utilization in structural health
monitoring. Experimental investigations are conducted on a homogenous aluminium plate
bonded with PZT patches to study the effects of external low frequency vibrations (mass
loading) and boundary condition on EMI signatures and the observations are discussed
using RMSD as damage index computed between pristine and damaged states. Effect of
low frequency vibration on the resulting EMI signature and the corresponding RMSD is
found to be less than 2%. This is the threshold upper control value (UCL) beyond which the
change in RMSD shall truly reﬂect the damage.
©
1. Introduction
Civil engineering infrastructure is one of the most expensive national investments and assets of any country as it fa-
cilitates country’s economic development. Hence it is important to continuously maintain and monitor the strength and
serviceability condition of a building for effective load transmission. Presence of damages like cracks has to be identiﬁed
and quantiﬁed in order to assess the condition of a structure. In recent years, the structures are monitored using “smart”
materials using specialized algorithms and techniques. The piezoelectric sensors (PZT) is one of such smart sensing tech-
nologies that can be used for condition monitoring of any structure. PZTs are capable of acting as both sensor and actuator.
When a PZT patch attached to a structure is driven by a ﬁxed, alternating electric ﬁeld of high frequency, a small deforma-
tion is produced in the PZT patch and the attached structure. The response of this mechanical vibration is transferred back
to the PZT patch in the form of an electrical response. When a crack or damage causes change of the mechanical dynamic
response, it is manifested in the electrical impedance response of the PZT patch. This Electro Mechanical Impedance (EMI)
technique is now very widely accepted as a cost effective and highly sensitive technique for SHM and non-destructive eval-
uation (NDE) of a variety of engineering systems [1]. The structural element to be monitored is instrumented with a PZT
patch on the surface, and is excited through an alternating voltage signal using an impedance analyzer/LCR meter, sweep-
ing through a particular frequency range (of the order of tens to hundreds of kHz). At any particular frequency, the patch
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tromechanical admittance (a complex numbered reciprocal of impedance), consisting of conductance (the real component),
and susceptance (the imaginary component). The real part of the admittance reﬂects the point wise mechanical impedance
of the structure, and the EMI spectrum is equivalent to the point wise frequency response of the structure. As damage
(a crack, corrosion, de-bonds) develops in the structure, the point wise impedance in the vicinity of damage changes. Piezo-
electric active sensors placed at critical structural locations will be able to detect these near-ﬁeld changes. In addition, due
to the sensing localization property of this method, far-ﬁeld inﬂuences will not be registered in the EMI spectrum. Ow-
ing to the high frequency of excitations, the damage sensitivity of the EMI technique is comparable to conventional NDE
techniques.
Each sensor has its own area of inﬂuence characterized by a sensing radius and the corresponding circle. Damage within
the area of inﬂuence of the sensor is highly sensitive as it creates higher disturbances than the damage outside the area
of inﬂuence. In order to sense all the damages, overlapping of sensing circles can be done such that presence of cracks,
corrosion, and de-bonds/delamination can be effectively detected. Liu et al. [2] have considered detecting and identifying
structural cracks emanating from rows of rivet holes in thin metallic plates using lamb waves using a PZT active sensing
network. Lim et al. [3] studied to improve damage detectability using PZT sensors under varying temperature and external
loading conditions and to minimize false-alarms due to these variations.
The electromechanical admittance consists of the real and imaginary part which depends on the properties of PZT and
structure. This two dimensional governing equation is expanded by Bhalla and Soh [4], and is given in Eq. (1)
Y = G + B j = ω j l
2
h
[
εT33 −
2d231Y
E
(1− v) +
2d231Y
E
(1− v)
(
Za,eff
Zs,eff + Za,eff
)
T
]
(1)
where Y E is the electrical admittance (inverse of electrical impedance) across the PZT terminals; w , l, and h represent
the PZT patch’s dimensions; ν is Poisson’s ratio of PZT patch; d31 = piezoelectric strain coeﬃcient for the 1–3 axes; and
ω = angular frequency. Y E = Y E (1+ η j) = complex Young’s modulus of the PZT patch (at constant electric ﬁeld) and εT33 =
εT33(1 − δ j) the complex electric permittivity (at constant stress), with the symbols η and δ denoting the mechanical loss
factor and the dielectric loss factor respectively. T is the complex tangent ratio, which in an ideal situation would be equal
to tan(κl)/κl. Zs,eff (ω) and Za,eff (ω) are the effective structural and mechanical impedances. It can be observed that these
two terms combine to couple the impedances of the structure and the piezoelectric patch. This coupling allows one to
measure the mechanical impedance of the structure through the electrical impedance of the piezoelectric patch.
The sensitivity of EMI method is inﬂuenced by many factors like PZT excitation voltage, the distance between damage and
sensor etc. In addition, the maximum frequency considered should be less than 500 kHz. Because of the above reasons and
the high frequency of excitation, the sensing region is very small and the obtained conductance signatures are more sensitive
to the piezoelectric patch and its bonding conditions and not of the structure [5]. However, the maximum frequency can be
below this value based on the material of host structure. The limitations of the EMI method reside in its sensing localization
which limits its application to near ﬁeld damages [6]. In this study, the effect of low frequency vibrations and boundary
condition effect on SHM using PZT is investigated experimentally.
2. Experimental studies on PZT bonded aluminium plate
The objectives of the experiments are: (1) To obtain the signatures of the four patches in both pristine state and damaged
state (damage is simulated by loosening of bolts) thereby comparing both and obtaining the damage index. (2) Checking
the signatures for repeatability and computing the damage index. (3) Effect of any low frequency external vibration on
the measured signals. Low frequency effects, existing in typical structures like bridges constitute the ambient vibration
amplitudes arising from moving vehicles. This low frequency effect is simulated by taking electro-mechanical admittance
signatures as the specimen is subjected to artiﬁcially induced free vibrations.
The test specimen of aluminium has dimensions 920×130×3 mm. Four PZT patches are bonded to the specimen at
distances 15 cm (Patch 1), 30 cm (Patch 2), 60 cm (Patch 3) and 90 cm (Patch 4) from bottom constrained end. The epoxy
resin adhesive is used for bonding. Fig. 1 shows the bonded PZT patch. One side of the aluminium plate is attached to
a steel ﬁxture with bolts which is ﬁxed to the shake table. The setup is connected to an LCR meter and a computer as
shown in Fig. 1(a) and the close-up view of the patch is shown in Fig. 1(b).
The admittance signatures are acquired for each patch in pristine and damaged state (simulated by loosening of bolts)
for various frequencies ranging from 10 kHz to 100 kHz in steps of 10 kHz and 100 kHz to 1000 kHz in steps of 500 kHz.
The signatures are recorded in the computer and corresponding graphs are plotted between frequency and conductance.
Fig. 2 presents plots for Patch 1 for few selected frequency ranges.
3. Results and discussions
3.1. Damage index – root mean square deviation (RMSD)
Giurgiutiu and Rogers [7] used the root mean-square deviation (RMSD) between the signatures of the two states as
the suitable damage index. Bhalla [8] in a detailed study on detection and characterization of damage in concrete cubes
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Fig. 2. Conductance vs frequency plots for Patch 1 (a) 10–20 kHz, (b) 50–60 kHz, (c) 80–90 kHz, (d) 100–500 kHz.
compared the above techniques and observed that the RMSD between the signatures was the most suitable damage index
to characterize structural damage. Hence in the present study RMSD is used to quantify the damage. RMSD is computed
using Eq. (2).
RMSD =
√∑N
j=1(G1j − G0j )2√∑N
j=1(G0j )2
(2)
G1j – post-damage conductance at the jth measurement point and G
0
j – corresponding pre-damage value.
The computed values of damage index, RMSD for each frequency range are presented in Table 1. Fig. 3 shows the
comparison of RMSD for all the four patches in the various frequency ranges. From Fig. 3, it is seen that RMSD is a good
damage index for generally small levels of damage. Moreover for small levels of damage, as damage increases, RMSD will
increase. But for larger damage RMSD may show a reverse trend. A frequency band with high mode density (large number
of dominant peaks) shows high sensitivity to the damage, for which the RMSD is maximum. Conductance signatures are
obtained across different frequency ranges and the frequency range of 30–40 kHz which is found to have more number of
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Percentage difference in RMSD values under pristine state and damaged state with and without external
low frequency vibration for Patch 1.
Frequency (kHz) RMSD without vibration (%) RMSD with external vibration (%)
10–20 20.05 19.45
20–30 23.5 23.50
30–40 29.36 28.92
40–50 22.26 20.56
50–60 18.05 18.05
60–70 17.14 17.14
70–80 15.09 14.73
80–90 15.39 14.44
90–100 15.44 14.90
100–500 15.01 15.06
500–1000 13.58 14.17
Fig. 3. Comparison of RMSD for the four patches – Patch 1 (15 cm), Patch 2 (30 cm), Patch 3 (60 cm) & Patch 4 (90 cm) from bottom constrained end.
(a)
(b)
Fig. 4. (a) Conductance vs frequency – Patch 1 (30–40 kHz). (b) Conductance vs frequency – Patch 3 (30–40 kHz).
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bottom constrained end.
peaks, is selected as optimum frequency range to detect incipient damage in the current study. The conductance signature
of Patch 1 (at 15 cm to the damage) and Patch 3 (at 60 cm from damage) in both pristine stage and damaged stage in this
optimum frequency range is shown in Fig. 4(a) & Fig. 4(b).
From Fig. 3, it is observed that Patch 1 being closer to damage is much sensitive to the presence of the damage at all
frequency ranges. As the distance between the damage and the patches increases, the sensitivity of detection decreases with
increase in the range of frequency. This area of sensitivity of a PZT patch is termed as area of inﬂuence. Hence overlapping
of the inﬂuence area of PZT patches avoids any loss of detection.
3.2. Effect of external vibration
Piezoelectric patches are supposed to be used for online health monitoring structures like bridges, highways etc. The
vehicles moving on the structure cause a low frequency vibrations due to excitation of ﬁrst few modes of natural frequency.
This low frequency vibration should not affect the working of the patch. To ensure this, the effect of external low frequency
ambient vibration is studied by giving a free vibration through a randomly applied initial displacement and obtaining the
conductance signatures.
From the tests, it is found that the low frequency vibrations have almost no effect in the recorded signals. This is also
ensured by calculating the RMSD values of pristine state and damaged state, with and without external vibration. The
values shown in Table 1 indicate that the percentage difference between RMSD is found to be on an average of 2% for all
the patches. The effect of external vibration decreases for higher frequency of excitation, as shown in Fig. 5.
The studies conducted on an aluminium plate bonded with four PZT patches show that damage identiﬁcation using
conductance signatures and RMSD is found to be a reasonable damage index that can be used in SHM. This study also
indicates that the measurement is invariant with reference to the external low frequency vibrations (mass loading) which is
very important in SHM of structures like bridges under operating conditions. However a threshold change falsely reﬂecting
as damage is found to be less than 2% within which low frequency effects may affect the overall readings. Dwindling
inﬂuence of the boundary condition on damage metrics particularly at ultra-sonic frequencies shows the versatility of this
method for localized damage.
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